Enhancement of pool boiling heat transfer in water by means of the introduction of free particles on the heated surface is investigated. The layer of loose particles on the heated surface is free to move and deform under the action of bulk liquid convection and vapor nucleation. High-speed visualizations show that bubble nucleation preferentially occurs at the narrow corner cavities formed between the free particles and the heated surface. The effects of the number and size of the free particles are experimentally explored using copper particles over a wide size range from tens of nanometers to 13 mm.
Introduction
The heat dissipation efficiency of phase-change processes for cooling high-performance microprocessors, and thermal management of industrial engines, reactors, and plants, has motivated development of numerous techniques for pool boiling heat transfer enhancement. As the performance and density of modern electronics and elecromechanical systems rapidly increases, and phase-change 3 cooling becomes more prevalent, concepts for facilitating bubble nucleation at reduced superheat temperatures and intensifying the nucleate boiling process have been widely explored for heat transfer enhancement. As summarized by Webb [1] , boiling heat transfer enhancement techniques usually fall into three categories: integral surface roughness, surface coatings, and attached nucleation promoters.
While surface roughening is well known to provide improvement in boiling heat transfer [2] [3] [4] [5] , reliance on this enhancement approach has generally been commercially intractable due to aging effects and difficulty in achieving repeatable and predictable performance. Jakob [6] , Corty and Foust [7] , and
Chaudhri and McDougall [8] all investigated long-term reliability of roughened surfaces and found only temporary benefits from the treatment on boiling enhancement; the performance reverted to the level of the untreated surfaces within several hours. As an alternative, since the contact angle of a liquid on a heated surface affects bubble nucleation, nonwetting surface coatings such as paraffin and Teflon have been investigated [9] [10] [11] . Since nonwetting coatings provide nucleation sites at a lowered surface superheat compared to wetting surfaces, nucleate boiling heat transfer is improved at low heat fluxes;
however, the large contact angle limits nucleation site density and vapor blanketing of the surface occurs at a lowered superheat. Nonwetting coatings of low thermal conductivity can also increase the surface thermal resistance. Patterning of a surface with alternating wetting and nonwetting areas to circumvent this challenge inherent to homogeneous non-wetting coatings was recently proposed [12] .
Significant enhancement of pool boiling has been realized using various types of attached promoters, such as porous particle layers [13] [14] [15] [16] [17] [18] , wire meshes [19] , and pin-fin structures [20, 21] . These promoters are usually thermally conductive and directly attached to the heated surface. Compared to smooth surfaces, changes in local surface topography due to the presence of the attached promoters facilitates bubble nucleation at lower wall superheats, and results in more effective heat transfer from the surface to the working fluid. In order to improve both the nucleate boiling heat transfer coefficient and increase critical heat flux (CHF), the microscale structures in these studies were also designed to reduce liquidvapor counterflow resistance. Despite the nucleate boiling heat transfer improvement achieved, the cumbersome processes required for fabrication of these microstructures on a boiling surface was often considered a drawback. Therefore, simpler methods were proposed for spraying/painting a mixture of metal particles, binder, and carrier on a target surface to form particulate porous layers [22, 23] ; however, deterioration of boiling heat transfer was reported as a result of the increase in thermal resistance between the heated surface, particles, and working fluid due to the thermally nonconductive binder used.
An additional enhancement technique not captured above is through the use of fluid additives. In particular, use of nanoscale particles as additives in nanofluids for boiling heat transfer enhancement has been widely studied, but the results have been inconclusive at best. A range of observations, such as mild 4 improvement [24, 25] , mild deterioration [26] , and negligible impact [27] on boiling heat transfer, have been reported for nanofluids. A common observation, however, was the improvement in CHF reported in several studies [28, 29] and primarily attributed to a deposition of thin particle layers on the heated surface during the nucleate boiling process. The deposited particle layers increased surface wettability, leading to a decrease in the contact angle between the surface and the working fluid, and thus in an enhancement of CHF. In a related approach, the concept of a free-particle technique for boiling heat transfer enhancement was proposed in the companion paper by Kim et al. [30] and experimentally investigated using the wetting fluid FC-72 as the working fluid. This technique introduces free-standing metal particles, which may be orders of magnitude larger than nanoparticles, on an immersed boiling surface. The primary function of the particles is to change the local surface topography by forming narrow corner gaps between the particle and the surface; these cavities promote bubble nucleation, and consequently enhance nucleate boiling at low heat fluxes. This nucleation enhancement mechanism is similar to conventional porousstructure attached promoters, except that the particles are not affixed to the heated surface and are free to move. Li and Cheng [31] described heterogeneous bubble nucleation density using classical kinetics of nucleation [32, 33] . Due to the presence of the corner geometry, the incipient superheat is decreased compared to a flat surface. As reported in the literature [13, 15, 18, [34] [35] [36] [37] , a decrease in the incipient wall superheat for surfaces coated with sintered particle layers is attributed to corner cavities formed where the particles attach to the heated surface. Similarly, in the free-particle technique, narrow corner gaps formed between the particles and the heated surface preferentially serve as active nucleation sites, and as a result, the wall superheat needed for boiling incipience decreases.
The influence of free particle size and number was investigated for FC-72 in a related study [30] .
Since bubble nucleation and the onset of nucleate boiling (ONB) depend strongly on the properties of the working fluid [3, [38] [39] [40] [41] , the present study investigates the effect of the introduction of free copper particles on boiling of water, which has drastically different thermophysical properties compared to FC-72. The experiments show a particle size range of 3 mm to 6 mm is optimum for water with its high surface tension. Significantly smaller microscale particles were identified as an optimum for the low surface tension liquid, FC-72 [30] .
Experimental setup and procedures
A schematic diagram of the pool boiling facility used for in current study is presented in Fig. 1 . A detailed description of the facility, test procedures, and data reduction method is available in the companion study in [30] , and a summary is provided here. To perform a test, the tank is filled with 45 ml of water, and the water is boiled for two hours using a cartridge heater inserted through the top housing and the cartridge heaters embedded in the copper heating block to degas the fluid and test surface. After the degassing process, 20 ml of the working fluid is quickly drained using a syringe while the fluid in the test section remains at the saturation temperature (to prevent uptake of air) so that 25 ml of fluid remains in the test section. The desired quantity of copper free particles of specified size are gently placed on the heated surface. The heater block and pool temperatures are continuously monitored with a data acquisition system. To measure the performance for each set of free particles, the power input is incremented through different heat flux levels. The 
Results and discussion

Nucleate boiling enhancement by free particles
Macroscopic images of boiling at a heat flux of 55 kW/m 2 from a single 13 mm non-spherical particle (Alfa Aesar) are shown in Fig. 2 : the vapor bubbles generated are large enough to surround the entire millimeter-sized particle. While the particle oscillates on the heated surface during boiling due to the vapor bubble buoyant forces, it remains in contact with the heated surface and continually provides nucleation sites. Intense nucleate boiling is observed for the millimeter-sized free particle, in contrast to the polished surface. Fig. 3 shows a cycle of bubble ebullition from a narrow corner cavity formed between a single 13 mm spherical ball (Salem Specialty Ball Company) and the heated surface at the same heat flux of 55 kW/m 2 . The visualization shows that a vapor bubble is generated at the narrow corner cavity, which then grows in size and departs from the surface. This vigorous vapor bubble generation caused by millimeter-sized free particles in water is the primary mechanism by which the heat transfer coefficient is enhanced compared to the polished surface. The remaining sections describe experimental investigation of the effect of particle size on boiling heat transfer performance using spherical copper particles; the trends and optimum particle size observed are supported with simplified models. Additional experimental inquiry on the effects of particle shape and number of particles (at constant particle size) are included in Appendix A.
Effect of the size of free particles
To identify the optimum free particle size for maximizing the boiling heat transfer performance in water, copper particles with sizes ranging from 20 nm to 13 mm were studied. The number of spherical millimeter-sized particles was chosen such that a single layer of particles covers the test surface (100, 25, 9, and 4 paticles for the 3, 6, 9, and 13 mm-diameter particles, respectively). For the sub-millimeter particles, a monolayer could not be ensured by counting; in this case, therefore, the mass of the particles placed on the surface was chosen so as to provide similar projected base coverage area as the four 13 mm particles assuming spherical particles and a tight packing density.
The experimental results for different free particle sizes are shown in the boiling curve in Fig. 4 . As the size of the particles decreases from 13 mm to 3-6 mm, the overall boiling heat transfer performance improves (average surface superheats decrease for the same heat fluxes). However, as the particle size particles with the surface do not serve as active nucleation sites, and therefore cannot improve boiling heat transfer performance. For the free-particle technique, it is concluded that 3 mm to 6 mm particles are optimum when water is used as the working fluid. This suggests a different primary enhancement mechanism from previous studies in the literature which consider nanofluids [26, 29, 42 ] or fixed structures with sub-millimeter feature sizes [3, 15, 19, [43] [44] [45] [46] [47] for pool boiling enhancement. The detailed trends in the boiling curves are discussed next for varying particle size; this is followed by a model-based validation of the postulated enhancement mechanism in section 3.3.
At low heat fluxes (< 50 kW/m 2 ), the relative performance of the particles of different sizes is dependent on boiling incipience and the number of activate nucleation sites. As the particle size decreases from 13 mm to 3 mm, the wall superheat at incipience decreases monotonically from 7.5°C to 2.5°C. The 3 mm particles show the best average heat transfer performance up to a heat flux of 50 kW/m 2 . The performance deteriorates for a further decrease in particle size to 149-400 μm. The presence of an optimum particle size may be explained using vapor bubble nucleation theory. For spherical particles and constant fluid properties, a larger cavity size (i.e., larger particle diameter) requires less superheat for nucleation incipience and bubble growth when considering only the shape of the narrow corner cavity [31] . However, since the particle itself impedes bubble departure under buoyant forces, large particles require bubbles to grow to a relatively larger size before their release. This tradeoff leads to an optimum particle size for minimum surface superheat at boiling incipience.
At higher heat fluxes, the optimum particle size shifts to a higher value. The slope of the boiling curve is sharper for the 6, 9, and 13 mm particles than it is for the 3 mm particles, resulting in a performance crossover at 50 kW/m 2 , above which the 6 mm particles provide the best performance. show corresponding macroscopic images of the same respective cases. It is clear from the images that the size of the vapor bubbles generated increases with increasing particle size at a constant heat flux, but the nucleation site density decreases. While the combination of mechanisms resulting in an optimum free particle size during vigorous boiling at high fluxes is less clear than at incipience, the current experimental results indicate that such a tradeoff exists. Under conditions of this experiment, the 6 mm particles provide the best thermal performance in terms of the total volume of vapor released from the surface at high heat fluxes, which is determined by a combination of the number of nucleation sites, bubble departure frequency, and the size of each vapor bubble.
3.3. Optimum particle size analysis 8
In section 3.2, the optimum particle size identified to provide the lowest surface superheat over the entire heat flux range investigated was shown to also yield the lowest wall superheat at incipience. The required boiling incipience superheat depends on the size of the free particles, which influences the surrounding liquid temperature profile and the vapor bubble growth, resulting in a tradeoff that leads to an optimum in free particle size. In order to explore this tradeoff for the range of particle sizes tested, the liquid temperature field adjacent to the heated surface is numerically simulated, while a force balance is used to predict vapor bubble growth and departure.
Force balance on vapor embryo
An analytical model is developed to predict the vapor bubble size required for departure from the surface. A vapor bubble embryo is assumed to originate from a narrow corner cavity between the flat surface and the spherical particle. Since bubbles are generated almost all around the circumference of the particle base, a two-dimensional axisymmetric representation of the particle, vapor, and liquid domains is used. The buoyant force, F b , of the vapor bubble is calculated by estimating the shape and the size of the vapor bubble during growth. The resulting buoyant force is then compared to the surface tension-driven capillary force, F c , in order to predict the required size of the bubble for release from the cavity. A similar model for predicting the bubble height required for detachment was developed by Wang et al. [48] . The model details and solution procedure for finding the bubble size at detachment are included in
Appendix B.
The model shows that the bubble size required for detachment depends only on the diameter of the particle. The calculated minimum heights of the vapor bubble at departure, h b,dep , are 3.4, 3.1, 2.9, and 3.4 mm for the 3, 6, 9, and 13 mm diameter particles, respectively. This value of approximately 3 mm for the detachment height in water compares favorably with other studies in the literature. Jones et al. [3] showed that the vapor bubble height at nucleation incipience from roughened surfaces was ~3.5 mm in water, and
Wang et al. [48] predicted a departure height of 4.7 mm from a bed of packed glass spheres. The force balance model results are also in good agreement with the qualitative experimental observations in the current study (Fig. 5) . It is noted that the model used here is applicable for relatively large particle sizes;
with the more complex solid-liquid-vapor interactions that may be expected in layers of sub-microscale particles or with a mixture of different-sized particles, the underlying force balance assumptions for buoyancy and capillary forces used here would be altered.
Near-wall liquid superheat thermal model
While the force balance model referenced above predicts the required bubble height at departure, Hsu's theory [35, 36] requires the temperature of the liquid surrounding a bubble to be superheated to enable growth. Thus, in order for the vapor bubble to grow to the required height for detachment, h b,dep , 9 the surrounding liquid up to this height should be superheated. Three-dimensional numerical simulations are performed to compute the liquid temperature profile as a function of the surface heat flux for cases of a 3 mm-and a 9 mm-diameter particle. The heat flux (and associated surface superheat) required to satisfy the superheated liquid region criterion is estimated by means of this approach.
A one-quarter symmetric domain including a single copper particle, the surrounding liquid, and the bottom heated surface are modeled. The mesh for this domain is generated using GAMBIT, and the commercial software package FLUENT [49] is used to solve diffusion in the solid domain and natural convection in the liquid domain under the prescribed boundary conditions shown in Fig. 6 . The experimentally obtained heat flux is used as the bottom surface boundary condition. A constant temperature boundary condition is applied at the top of the liquid pool far from the heated surface. This constant temperature boundary condition is iterated until the numerical solution for fluid temperature at the height of the pool thermocouple matches the experimental measurement within ±0.3°C. The mesh resolution was increased until the numerical simulation results were observed to be independent of mesh size; this was achieved with a total of ~470,000 elements. The liquid temperature obtained at the height of the pool thermocouple changes by less than 0.03 °C if a model with 1,500,000 elements is used. The point contact between the free particle and the heated surface or an adjacent free particle is treated as resulting in a surface contact area that is 5% of the projected area of the sphere. The resulting liquid temperature contours are used to determine if the liquid is superheated around the bubble at the size required for departure for the given heat flux.
Results from the numerical simulations presented in Fig. 6 (b) and (c) show the liquid and solid temperatures along a diagonal plane in the one-quarter symmetry solution domain for a 3 mm and a 9 mm particle, respectively. The required height of the bubble for departure calculated from the force balance model is shown superposed on the temperature contour plots. The 3 mm particle causes an increase in temperature of the working fluid in the region where liquid must be superheated for vapor bubble detachment at the heat flux 19.5 kW/m 2 considered in Fig. 4 . Conversely, at a comparable heat flux of 23.5 kW/m 2 , the 9 mm particle protrudes further into the cooler liquid region, and conducts heat further away from the surface, rather than localizing heating to the liquid region as would be critical for vapor bubble superheating and detachment. Therefore, in the case of this larger particle size, the portion of the region where liquid should be superheated for bubble detachment is found to be below the saturation temperature at this heat flux. Due to insufficient liquid heating for the larger 9 mm particle, boiling incipience would be expected to first occur for the 3 mm particle at the bubble departure heights calculated by the force balance; this agrees with the experimental observations. The numerical results also explain the larger optimal free particle size for water (3 mm to 6 mm) compared to FC-72 (tens of microns) considered in a companion study [30] . The lowered surface tension of FC-72 allows vapor departure at much smaller vapor bubble sizes, and the conductive particle should be much smaller in that case to effectively localize heating to the narrow corner cavity region. , and the twenty-five 6 mm particles at heat fluxes above 50 kW/m 2 , effectively capitalizing on the best performance of each particle size. Fig. 7 shows images for the cases of the 3 mm particles alone compared to the mixture of 3 and 6 mm particles just following boiling incipience at respective surface superheats of 2.5°C and 2.8°C. The bubble departure size with the 3 mm particles is on the order of 3 mm, as shown in Fig. 7 (c) ; however, for the case of the mixture of 3 and 6 mm particles, the vapor bubbles at ONB are observed to be bigger than those in Fig. 7 (a) . The proximity of smaller 3 mm particles, which effectively superheat the liquid for bubble growth, may increase the liquid temperature in the corner cavities of the 6 mm particles and help the larger particles generate vapor bubbles, thus improving boiling performance.
Heat transfer coefficient comparison
Boiling heat transfer enhancement is demonstrated by comparing the heat transfer coefficients in the presence of free particles to those with the polished surface without free particles at the same heat flux. where h and h p are the heat transfer coefficients of the experimental case and the polished surface baseline case at each heat flux. Using this definition, the nucleate boiling heat transfer enhancement achieved by the addition of millimeter-sized spherical free particles is presented in Table 1 . The boiling heat transfer is seen to improve by as much as 115% compared to the case of a polished surface when an optimum mixture of 3 mm and 6 mm particles are used.
Conclusions
A free-particles-based boiling enhancement technique is studied using water as the working fluid.
Free metal particles placed on a heated surface are found to improve boiling heat transfer by providing active nucleation sites, with the enhancement being a function of the number and size of the particles introduced. An experimentally observed optimum particle size of 3 mm to 6 mm, depending on the heat flux, was identified. Of the uniform particle size test cases, the largest average heat transfer coefficient over the range of heat fluxes tested was provided by the 3 mm particles with the lowest incipience wall superheat at the onset of nucleate boiling. Models developed for vapor bubble embryo growth and incipience corroborate that the lowest incipience superheat is required at these experimentally observed optimum particles sizes. In order to maximize the boiling heat transfer performance, and exploit the mechanistic tradeoff between a large particle size for ease of bubble growth/departure and a small particle size for more effective superheating of the surrounding liquid, mixtures of different sizes of particles were tested. A mixture of 3 mm and 6 mm particles was shown to improve the average heat transfer coefficient by 115% compared to a polished surface over a heat flux range from 20 to 100 kW/m 2 .
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Appendix A. Effects of the number and shape of free particles
Effects of the number and shape of particles on the boiling heat transfer enhancement with free particles explored in this work are investigated here using a set of copper particles that are not truly spherical in shape. The sphericity Ψ (π
A s -1 ) was found to be approximately 0.9 based on estimates of the total surface area and volume of individual particles.
In order to investigate the effect of the number of free particles on boiling heat transfer, an increasing number of particles were placed in successive tests on the polished copper surface. The heat source area accommodates up to four 13 mm-diameter particles in a single layer. Fig. A1 shows the boiling curves for each test case. The trends in the individual boiling curves for the different particle numbers are discussed below.
Independent of the number of free particles, heat transfer to the fluid first occurs by natural convection until the onset of nucleate boiling (ONB) occurs after a surface temperature overshoot, as shown in Fig. A1 . The overshoot was more noticeable in the transient temperature data (not shown) than is revealed by the steady-state points on the boiling curve. The sharp reduction in wall superheat indicates a significant enhancement in the heat transfer coefficient due to transition from natural convection to boiling. Each particle on the heated surface has the potential to seed such large vapor bubbles, with each activation being associated with a temperature overshoot in the boiling curve.
Nucleation site activation occurs at a unique superheat temperature for each specific non-spherical particle due to small variations in the cavity geometry formed with the surface. Therefore, multiple incipience events occur over a range of heat fluxes for the surfaces with free particles, compared to the polished surface for which bubble nucleation incipience is a single event a heat flux of ~40 kW/m 2 .
Unlike the experiments with two or more free particles of 13 mm diameter, for which the position of a particle is confined by the side walls and other particles, particle motion is relatively unrestricted for the case of a single copper particle. Thus, when boiling begins, the particle is pushed by vapor release from the narrow corner cavity and moves on the surface through a translational or rolling motion. If a cavity geometry formed between the particle and the surface is not conducive to bubble nucleation, boiling is suppressed. The sharp increase in wall superheat that results again renders the site active for nucleation.
This causes multiple incipience overshoot events even for a single particle, as observed in Fig. A1 . At higher heat fluxes, the particle continually provides active nucleation sites regardless of the nature of contact due to the large surface superheat.
The experiments with four 13 mm particles are used to describe the boiling curve trends following initial incipience when multiple particles are placed on the surface. In this case, incipience occurs simultaneously at the two rear particles in the image in Fig. A2 This succession of incipience events, and the associated reductions in wall superheat, explain the trend in wall superheat at 100 kW/m 2 for the increasing number of particles shown in Table A1 . At this heat flux, all individual particles for each test case are actively supporting boiling. As shown in Table 1 , the boiling regime wall superheat decreases with an increasing number of free particles. The surface with four particles maintains comparatively low wall superheats due to an increased number of nucleation sites at high heat fluxes. For the surfaces with fewer particles, much of the heated polished surface area remains in the convection heat transfer regime even at 100 kW/m 2 , which is the reason for the lower overall surface heat transfer coefficient.
A brief discussion of the effect of particle shape on boiling performance is warranted based on the differing results between non-spherical ( Fig. A1 ) and spherical (Fig. 4) 13 mm particles. The four nonspherical particles considered in Fig. A1 maintain the wall superheat at approximately 7 °C for the highest heat flux investigated, whereas the four 13 mm spherical free particles presented in Fig. 4 reach a maximum surface superheat of over 10 °C. Therefore, the shape of the free particles clearly has a significant influence on boiling heat transfer. The shape of the free particles placed on a heated surface affects various boiling parameters such as the contact area between the particles and the heated surface, the shape and the angle of narrow corner cavities, and mixing of the fluid trapped in the cavities. Further study on the effect of the free particle shape is required to fully understand these trends.
The centroid of the bubble is obtained by finding the point of intersection point between two lines that divide the area of the bubble in half, which are y 1 (x) and the vertical line x = c as defined in Fig. A3 (c). The vertical line x = c, in which c is a constant, is found by integrating the area of the bubble from (0, r p ) along the x-axis until the integrated area becomes half of the total bubble volume.
The point of force is the location where a vertical extension from the centroid meets the surface of the spherical particle. The line of force is the surface tangent at the point of force. The magnitudes of the buoyant force which acts to pull the bubble from the cavity, and the capillary forces which hold the bubble to the surface, can be expressed as
assuming the water vapor density is negligible compared to the liquid density.
The magnitudes of each force are projected on the line of force and converted into effective values as shown in Fig. A3 (d) . The two components of the capillary force that are projected onto the line of force sum as the total effective capillary force, F ec . In order for the bubble to be released from the cavity, the effective buoyant force should be larger than the effective capillary force. If this criterion is not satisfied, the size of the bubble is iteratively increased by moving the contact point along the surface of the particle further from the base. The procedure continues until the effective buoyant force just exceeds the effective capillary force, which is regarded as the minimum size of the bubble for detachment. 
